This study determined the effect of grit size and application pressure on alumina fragment retention after sandblasting in representative dental alloys. Plastic rectangular patterns (25×3×0.6 mm, n=240) were divided equally into four groups and cast with Au-Pt, Ni-Cr, Co-Cr alloys and grade-II cp-Ti. The specimens from each alloy were then divided into 12 subgroups. Each subgroup was then sandblasted with one of the 12 possible combinations of grit size (50, 100 and 250 microns) and propulsion pressure (0.15, 0.30, 0.45 and 0.60 MPa), and their surfaces imaged and analyzed using SEM/EDS analysis. The Al composition was statistically analyzed by two-way ANOVA with Tukey's post-test. Materials tested showed a substantial amount of retained alumina fragments, the extent of which was dependent on the grit size and propulsion pressure applied for tested alloys except cp-Ti. Importantly, sandblasting conditions different from those proposed by the manufacturers achieved lower levels of retained alumina fragments.
INTRODUCTION
In prosthetic dentistry, sandblasting with alumina particles is extensively used for treating metallic substrates to clean the surface of organic contaminants and to provide surface irregularities that enhance mechanical bonding with veneering materials and increase the wetting capacity of the metallic substructure before the application of dental porcelain. It has been estimated that sandblasting increases the total surface area of a metallic substrate by up to 6.5 times 1) , and increases the metal-ceramic bond strength of dental alloys [2] [3] [4] [5] [6] . Despite these benefits of sandblasting with alumina particles, currently available technologies have been inadequate to properly investigate potential adverse effects. Each grit acts on the surface as a tiny plowshare creating a long shallow fissure, which creates tensile stresses at the adjacent surface layers of the material. Attempts by the underlying material layers to regain their original form then creates residual compressive stresses 7) , a phenomenon that has been verified experimentally (at least for Ti castings) by XRD analysis 8) . Theoretically, these residual stresses should relax during porcelain firing and transform into tensile stresses due to mismatch in thermal expansion coefficients between dental alloys and ceramics 9, 10) . However, in reality, residual compressive stresses probably remain when polymeric materials used for aesthetic veneering where no thermal treatment is applied.
The major complication of sandblasting is retention of alumina particles on the alloy surface. The presence of such embedded fragments adversely affects the bond strength of metal-ceramic 8, 11) and metal-resin 12) systems, decreasing the mechanical interlocking and inhibiting the chemical bonding of porcelain with metallic oxides [13] [14] [15] . In implant technology, sandblasting with alumina grains is also used for surface roughening in combination with acid-etching to enhance osseointegration 16) , but concerns have been raised regarding the impact of alumina fragments embedded in these surfaces on their eventual osseointegration 17) . Although several previous studies have been performed to estimate the extent of alumina fragment retention 2, 8, 11, 12, 14, [16] [17] [18] [19] , their conclusions were not definitive in terms of the effect of alumina grit size and application pressure on the prevalence of embedded fragments. Moreover, disparity in the way the Al content was presented precluded any meaningful comparison among these studies ( Table 1) .
The aim of this study was to determine the effect of grit size and application pressure on the retention of embedded alumina fragments in the surface of representative types of dental alloys.
MATERIALS AND METHODS
Plastic rectangular patterns (25×3×0.6 mm, n=240) were divided into four groups (A-D, n=60 each). The patterns of groups A-C were invested with a phosphate-bonded silica investment material (Stellavest; GC Corporation, Tokyo, Japan) and the patterns of group D with a magnesia-based investment material (Titavest CB: Morita; Kyoto, Japan). Patterns of groups A-C were cast with Au-Pt, Ni-Cr and Co-Cr alloys, respectively, in a centrifugal casting machine (Ducatron; Ugin'dentaire, France), while group D patterns were cast with a cp-Ti grade-II alloy in a two-chamber inert gas arc-melting casting machine (Cyclarc I; J Morita, Kyoto, Japan) ( Table 2) .
One side of all cast specimens in groups A-C was subjected to metallographic grinding with a series of silicon carbide abrasive papers (220-2,000 grit size) under continuous water rinsing in a grinding/polishing machine (Ecomet III; Buehler, Lake Bluff, IL, USA). The final polish was accomplished with diamond polishing compound (DP Paste; Struers, Copenhagen, Denmark) with three different particle sizes (6, 3 and 1 µm). The specimens of group D were ground to a smooth surface using SiC abrasive papers up to 320-grit. Polishing was completed using a 9 µm diamond paste (DP Paste, Struers) and a solution composed of 70 mL colloidal silica (OP-S, Struers) and 30 mL H2O2. All specimens were ultrasonically cleaned in an alcohol bath for 3 min.
Metallographic preparation produced smooth polished surfaces in all groups before airborne-particle abrasion. The elemental composition of each group (n=3) was analyzed using a scanning electron microscope (Quanta 200; FEI, Hillsboro, OR, USA) equipped with an energy-dispersive X-ray spectrometer (Sapphire CDU; EDAX Int, Mahwah, NJ, USA). X-ray EDS spectra were collected by a liquid N2-cooled Si(Li) detector with a super-ultrathin Be window (SUTW+). Spectra were Each of the four main groups (A-D) was divided randomly into 12 subgroups (G1-G12), each containing five samples. Subgroups were then subjected to alumina sandblasting with 50 µm (FilliManfredi; Milan, Italy), 100 µm (Ivoclar Vivadent; Ellwangen, Germany) or 250 µm (Ivoclar Vivadent) nominal mean particle size at pressures of 0.15, 0.30, 0.45 or 0.60 MPa (Table 3) . For sandblasting, each specimen was mounted on a special holder with the nozzle of the sandblasting device (Minisab 2T: TissiDerntal; Milan, Italy) fixed at 2 mm from the center of the specimen at a 90° incidence angle. Each sample was sandblasted for 10 s and then cleaned with a steam jet for 10 s. Sandblasted surfaces were then imaged by SEM, employing backscattered electron imaging and using a solid-state detector (SSD) to identify regions with different mean atomic numbers (400× nominal magnification).
The elemental composition of the central region of each specimen was determined with X-ray EDS analysis as described above for pre-blasting spectra acquisition from the central region of the castings. For each specimen, the retained Al content due to airborne particle abrasion was calculated by subtracting the Al composition before sandblasting as determined for each alloy. Multi-element X-ray mapping was performed to identify the elemental distribution on specimen surfaces (2,000× nominal magnification).
The atomic percentage (at%) of Al content was calculated for each group and statistically analyzed by two-way ANOVA using grit size and application pressure as discriminating variables. Significant differences among mean values were identified by a Turkey's post-hoc test at a 95% confidence level. Figure 1 shows representative backscattered electron images (BEI) from the surface of sandblasted alloys. All images demonstrate a similarly diffuse distribution pattern of regions of low mean atomic number, which were attributed to retained alumina fragments (Fig. 2) . The X-ray EDS spectra before and after airborne particle abrasion demonstrate a profound increase in Al and O peaks for all sandblasted alloys (Fig. 1) . Table 4 shows the increase in Al at% on the surface of each alloy after treatment under different sandblasting conditions. Except for the Ti subgroups, statistically significant differences were found between all alloy subgroups that received different sandblasting conditions. Two-way ANOVA analysis also demonstrated a statistically significant interaction between alumina grit size and application pressure for Au-Pt (p<0.001), Ni-Cr (p<0.001) and Co-Cr (p<0.001) alloys. For cp-Ti, there were no statistically significant interactions or differences between the subgroups (p=0.303).
RESULTS

DISCUSSION
The results of this study demonstrate that a substantial amount of alumina is retained on the sandblasted surfaces of alloys, verifying published studies. Previously, alumina retention has been presented as elemental Al weight, Al atomic percentage, Al2O3 molecular weight percentage and percentage Al area coverage (Table 1) , and this non-uniformity of expression limits the comparability of these studies. Weight percentage is dependent on the weight ratios of the elements involved, while estimation of Al2O3 is determined from the initial aluminum composition and subsequent calculations based on the assumption that the detected Al is in Al2O3 form. Percentage alumina area coverage, which is the most representative of the measures for quantifying retention of alumina fragments, is based purely on backscattered electron image contrast and subsequent image analysis procedures. Low contrast regions such as surface valleys (produced by the pinning action of alumina grains) can be mistaken for alumina fragments, reducing the reliability of the quantitative measurements. In this study, the data are presented as atomic percentage, because this is more indicative of the topochemical character of the surface. Unfortunately, the material-dependence of the results limits direct comparison between materials. Although the analytical conditions were identical for all alloys, the material density affects X-ray excitation depth. Thus, deeper excitation increases the overall contribution of the Table 3 Sandblasting conditions for each subgroup (G1-G12) produced X-rays, meaning that no comparison can be made between different materials. Figure 2 demonstrates that alumina fragments embedded on the alloy surface resist steam jet cleaning, suggesting that the fragments are very firmly retained. A similar conclusion was reached from previous findings that Al content did not decrease significantly after hot steam cleaning 11) . It is noteworthy that the Al composition of the materials differed significantly depending on the sandblasting conditions. The Au-Pt alloy demonstrated a decreasing aluminum content as the impact energy (a function of the application pressure (particle velocity) and grit size) of the particles increased (Table 4) . Particle size and application pressure both increase the kinetic energy of the particles, which is dependent on their mass (m) and velocity (v) (Ekin=1/2 mv 2 ). This trend was not observed for Ni-Cr and Co-Cr alloys, where the use of 100 µm-grit size tends to provide the highest percentages of Al. Two-way ANOVA demonstrated a statistically significant interaction between alumina grit size and applied pressure, indicating that these two variables have a synergistic effect. This conclusion is supported by the theory that abrasion by airborne sharp particles is fundamentally dependent on their kinetic energy and the hardness of the material being abraded 20, 21) . The calculation of kinetic energy requires knowledge of particle velocity which is now possible. This information may provide significant insight into the underlying mechanism of alumina fragment retention, facilitating the incorporation of the materials' mechanical properties, the kinetic energy of the airborne particles, and other potential contributing factors, into mathematical models of this phenomenon.
Groups
Surprisingly, the results for cp-Ti are in complete contrast with the other alloys. Alumina concentration was found to be independent of grit size and applied pressure, as evidenced by the lack of interaction between the two independent variables (p=0.303). This behavior might be attributed to the high ductility of Ti. This property makes Ti prone to mechanical deformation, hence the different grinding and polishing procedure used for Ti during specimen preparation (see Materials and Methods). Given that Ti is so ductile, it is likely that the maximum level of embedding occurs even under the mildest sandblasting conditions (i.e. minimal kinetic energy).
Although this study tested a broad combination of grit size and applied pressures, the manufacturers of dental alloys recommend specific conditions for airborne particle abrasion. For the Au-Pt and the Ni-Cr alloys, the manufacturer suggests that 50-100 µm grit size at a maximum of 0.45 MPa (4.5 atm) pressure is optimal, while the application pressure for the Co-Cr alloy can be increased up to 0.52 MPa (5.2 atm). Generally, high pressures are not recommended as they can distort the metallic structure 22) . For Ti, the use of specific bonding agents 23) before opaque firing modifies the optimum sandblasting conditions between products. For example, 50 µm grit size and 0.5 MPa pressure is recommended for products treated with Ti-22 dental porcelain (Noritake, Nagoya, Japan), whereas 120-150 µm grit size and 0.2 MPa pressure is preferred for the initial Ti porcelain (GC Corporation, Tokyo, Japan). Although our analysis studied polished rather than rough metallic surfaces, our findings demonstrate that some alloys could benefit from the adoption of alternative sandblasting conditions (Table 4) . However, this speculation requires further verification and testing on rough metallic surfaces to simulate every day practice. For all materials tested (except for cp Ti), the selection of 250 µm grit size and up to 0.30 MPa application pressure provided the lowest retention of alumina fragments, in agreement with results of previous studies in which fragment retention decreased with increasing grit size 11, 14, 16, 24) . Previous studies have reported significantly higher metal-ceramic bond strengths 13, 25) for surfaces sandblasted with 250 µm-grit alumina particles, a finding that might be explained by decreased alumina fragment retention under these conditions. Some manufacturers suggest that a 45° incidence angle of airborne particles facilitates their deflection from the surface, an assertion supported by some limited evidence 20) , but not yet fully documented. It has been shown that surface-retained alumina particle fragments compromise metal-ceramic bonding and subsequently might also affect the longevity of fixed restorations (such an effect has not been determined for metal-polymer restorations). The results of this study indicate that the sandblasting conditions proposed for dental alloys are far from ideal and further research is required to optimize conditions for each dental alloy.
